Introduction
Group living, as compared to solitary living, provides benefits such as improved access to resources, decreased predation risk, and increased opportunities to find mates and/or social partners [1] . However, conflict is inevitable among group members because of competition for limited resources, such as mates or food [1] . Group living is predicted to be stable when its benefits exceed its costs for each group member. Behavioural tactics that reduce the social costs of group living for individuals, i.e. conflict management [2] , are likely to evolve in group-living animals [2, 3] . Conflict management has been reported in various mammals [2] , birds [4, 5] and social fishes [6] [7] [8] .
Redirected aggression-aggression by an attacked individual towards a third party immediately following the initial attack [9, 10] -is thought to be a conflict management tactic. Redirected aggression can function to divert the first aggressor's attention, and to prevent further attacks on the individual that was initially targeted by the original aggressor or others (reviewed in [9, 10] ). In primates, redirected aggression is often directed towards the opponents' relatives; this type of redirected aggression also functions to prevent future aggression by the original aggressor [9, 10] . Because of these effects, redirected aggression can be a behavioural tactic to cope with the cost of group-living (i.e. conflict management), as the victim of aggression is typically at risk of being re-attacked after receiving aggression [9] . Redirected aggression has been reported in many species of mammals (e.g. primates: [9, 11] ; wolves Canis lupus: [12] ; spotted hyenas Crocuta crocuta: [13] ). Although redirected aggression is believed to occur in many fishes [10, 14] , it remains unclear how common redirected aggression is in social fishes, and what functions the behaviour serves in these species.
In this study, we documented the occurrence of redirected aggression (see the electronic supplementary material for a video) and investigated its function in the social cichlid Julidochromis regani, a rock-dwelling, biparental substrate-breeding cichlid fish endemic to Lake Tanganyika. This species has several unique characteristics, including sex role reversal, cooperative breeding and polyandry [15] . In this experiment, we observed aggressive interactions among groups of three males or three females. In descending order of relative body size, we labelled the three individuals in each group as large (L), medium (M) or small (S). We first statistically demonstrated the occurrence of redirected aggression (M attacks S after being attacked by L). Next, we addressed the following questions to test a functional hypothesis that redirected aggression serves to prevent an individual (M) from receiving further aggression, both by the original aggressor (L) and by other, uninvolved individuals (S). First, does redirected aggression by M divert aggression by an original aggressor (L) to the uninvolved individual (S)? Second, does redirected aggression by M delay the timing of further aggression by the original aggressor (L)? Third, does redirected aggression by M reduce the probability of aggression towards M by the uninvolved individual (S)?
Methods (a) Study animals
This study was conducted in J. regani [15, 16] . The wild J. regani were purchased from an aquarium shop. The experimental fish, 17 males and 11 females, were kept in a laboratory at SOKENDAI (Hayama, Japan). The sex of the experimental fish was determined by the shape of the genital papilla [16] . Before the experiments, each fish was kept in a different aquarium, visually separated from the others (600 Â 275 Â 450 mm). Each aquarium contained a plastic case (90 Â 60 Â 100 mm) filled with coral sand that provided hiding places, and the water had a high pH (7.2-7.8) as in Lake Tanganyika. The water was filtered through an outside sponge filter and its temperature was maintained at 26-288C. The photoperiod was set to 12 : 12 light : dark with fluorescent lights. These experimental fish were fed commercial flake food (TetraMin w ; Tetra Werke, Japan) and given an amount that could be consumed within a few minutes once a day, 5 days in a week. One-third to half of the water in each aquarium was changed once a week.
In this species, dominance relationships are determined by relative body size [15] . Individuals with similar body sizes show frequent aggression, and smaller individuals attack larger ones when the difference in body size between the two individuals is less than 5 mm [15] .
(b) Experimental setting
In each experimental session, we selected three unrelated females or three males (females, 8 trios; males, 11 trios) from among the experimental fish. Each individual was used for one to four experimental sessions (individual mean ¼ two sessions). Three different-sized, but same-sex individuals, were used to control for any effect of sex, where helpers can be both males and females in a cooperative breeding group [17] and females are more aggressive than males [15] . We chose three individuals to allow for various combinations of body size (standard length: males, mean ¼ 74. 8 . We aimed to induce aggression according to size, and to examine the effect of size differences on the frequency of redirected aggression (see the electronic supplementary material).
In the wild, males and females have their own home ranges, and a large home range of a female occasionally includes those of males in a polyandrous group. Home ranges overlap both among males and among females. Aggressive encounters among less familiar individuals occur at the borders of home ranges, where larger individuals will attack a smaller one [17] . Three males may coexist within the same nest when male offspring have not yet dispersed from a nest with a male breeder and male helper(s). Although the helpers are typically male, the presence of a female helper has also been confirmed [17] . Therefore, three females (a breeding female, female helper and female offspring) can coexist in the same nest, albeit more rarely than in the case of males.
For each experimental session, the standard length of the experimental fish was measured to the nearest 0.1 mm with digital vernier callipers. The interval between experiments for individuals involved in more than one experimental session was at least 10 days (mean ¼ 88.14 days). It is not known how long the effect of contest experience (e.g. winner-or loser-effect) persists in J. regani. In other species of Julidochromis, the memory of dominance relationships persists for less than 7 days, and no winner-loser effect exists [18] .
All experiments were conducted from 10.00 to 17.00, after 30 min of feeding (flake food) in the individual aquariums. We used an experimental aquarium (750 Â 500 Â 500 mm, continuously aerated), the bottom of which was covered with a 2 cm layer of coral sand. The water was 40 cm deep. Three sides of the experimental aquarium (but not the front) were covered with black plastic plates to prevent reflection of the fish body. On the first day of an experimental session, we placed three individuals into three different sections, divided by transparent partitions, within the experimental aquarium for acclimation to the experimental setting. After 1 h, the transparent partitions were removed, allowing the three individuals to interact. One hour later, the transparent partitions were reintroduced, and the three individuals were kept in the experimental aquarium until the end of the experimental session. After these acclimation procedures, we conducted two observation sessions for each experimental session (hereafter called the 'first' and 'second' observation sessions). At the start of the observation sessions, the transparent partitions were removed so that the three individuals interacted. The first observation session was conducted 2 or 3 days after acclimation, and the second 4 or 5 days after acclimation. When the pattern of social interactions was judged to be fixed (e.g. individual L attacked individual M or S repeatedly) or when a smaller individual was severely attacked, the observation session was ended 10 min after that point (mean observation session duration ¼ 20.5 min, standard deviation 7.8, range: 12.9-38.0 min).
Note that this study did not use the common observation method (the post-conflict, matched-control (PC-MC) method [2] ) that was designed for studies of post-conflict behaviour in primates. This is because aggression by L was repetitive and it was not possible to collect control data in which aggression did not occur.
(c) Behavioural observation and coding
We recorded social interactions using a video camera, placed 30 cm in front of the experimental aquarium (iVIS HF R32; Canon, Tokyo, Japan), which covered all areas of the experimental aquarium. We then exported the video data to a computer (MacBook Pro; Apple, Cupertino, CA, USA) to perform behavioural coding. We recorded all types of aggressive behaviour (chase, rush and bump) and the identities of the aggressor and recipient. When aggression continued, we recorded the aggression end time.
Hereafter, we have abbreviated bouts of aggression by indicating the aggressor and recipient. For example, LM, MS and LS, respectively, indicate aggression by L against M, by M against S and by L against S.
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In total, we observed 4472 instances of aggression (mean + s.d. per observation session: 117.68 + 43.0), which consisted of 1727 LMs, 1248 LSs, 165 MLs, 933 MSs, 49 SLs and 350 SMs. Several instances of aggression often occurred successively at short intervals. If aggressive behaviour occurred between the same individuals within 10 s of a previous act of aggression, we defined these as a single bout of aggression [15] . Accordingly, bouts of aggression as defined in this study could be classified into two types based on duration. 'Continuous' aggression indicated a bout of aggression with a substantial duration (mean: 6.68 s). By contrast, 'brief' aggression consists of a single instance of aggression with a short duration; for example, a rush and bump. It is likely that continuous and brief aggression have different effects on the occurrence and function of redirected aggression. Our dataset included 2800 bouts of aggression (mean + s. 
(i) Occurrence of redirected aggression
Unlike previous studies using the PC-MC method [2] , this study needed an operational definition of redirected aggression that suited the characteristics of our study species. We operationally defined redirected aggression as MS occurring within 5 s after LM. We used 5 s because the distribution of time intervals between bouts of LM and MS suggested that in more than half of MS cases (53.3%, 136 out of 255) occurred within 5 s after LM (see figure 1b; see also Results). Using this criterion, we counted 136 cases of redirected aggression in our experimental data (mean number of cases for each experimental session: 3.58, range: 0 -12; see the electronic supplementary material).
This operational definition, using a 5 s window after LM, is conservative and even works against the detection of its function. Based on this standard, bouts of MS that occurred more than 5 s after LM were not counted as redirected aggression, even though they may have served the same function as bouts that occurred within the allotted 5 s.
We needed to verify whether the observed number of cases of redirected aggression actually represented behavioural tactics by M individuals, or merely reflected the typical occurrence of aggression among three individuals. As mentioned previously, the standard method for statistically demonstrating the occurrence of redirected aggression (i.e. the PC-MC method) was not suitable for use in this study. Instead, we conducted a randomization test as follows (see [19] for a similar approach):
(i) we measured the frequency of LM and MS (both continuous and brief aggressions) and timings of the occurrence of MS relative to LM for each ith observation session (i ¼ 1 -38); (ii) based on the results of the above observation, we generated artificial data. The timings of bouts of aggression within each dyad were decided randomly within a simulated experimental session of a duration equal to that of the ith session. If there was temporal overlap between these randomly generated bouts of aggression, we re-simulated one of the bouts until there was no overlap. In cases of continuous aggression, the length of each bout was generated from a positive random value derived from a normal distribution whose mean and s.d. were obtained from the real data of the corresponding dyad (e.g. mean ¼ 12.78 and s.d. ¼ 10.44 s for LM); (iii) in the dataset thus generated, we counted the number of cases in which MS occurred after LM or during a continuous LM; (iv) we repeated the above processes for all i sessions in one simulation round. After one round was over, the frequency of MS and the timing of MS relative to LM were calculated; and (v) we obtained a null distribution of the frequency and the timing by repeating the simulation (steps i through to iv) for 500 rounds. We then tested whether the number of observed cases of MS deviated from the simulated null distribution, and whether the timing of MS in the real and simulated data differed statistically using a log-rank test of survival analysis.
(ii) Does redirected aggression divert aggression by the original aggressor to the uninvolved individual?
We tested whether redirected aggression (MS) functions to divert aggression by L to the uninvolved S. MS may occur either during a continuous LM bout or immediately after a brief LM. Accordingly, we classified LM based on two variables: the aggression type (brief or continuous) and the occurrence of redirected aggression. We analysed how well these variables predicted the probability of LS within a given time window. We chose to use 5 s as a time window, the same length of time used in our definition of redirected aggression (see above). When redirected aggression occurred, we focused on a time window of 5 s immediately after the instance of redirected aggression. In cases where LM was not followed by redirected aggression, we observed a 5 s period beginning 5 s after the end of LM; this allowed us to observe comparable time periods between cases with and without redirected aggression. We constructed generalized linear mixed models (GLMMs; lme4 package) with a binomial error structure and logit link function. The dependent variable was the occurrence of LS within the 5 s window. Independent variables were the type of rspb.royalsocietypublishing.org Proc. R. Soc. B 285: 20172681 aggression (brief or continuous), whether M performed redirected aggression (yes or no), and sex (male or female). We also included interactions among the independent variables, but the results of the interactions were not presented if they were not significant and they were excluded from the statistical model. The experimental session was set as a random term.
(iii) Does redirected aggression delay the timing of further aggression by an original aggressor?
Similar to the preceding analysis, we tested whether redirected aggression (MS) delayed the timing of further occurrences of LM by a (general) linear mixed model (LMM). As the dependent term, we measured the time interval between two bouts of LM. The independent terms and the random term were the same as in the preceding analysis. We also considered the possibility that LM was only delayed when redirected aggression succeeded in diverting L's aggression toward S, and was not affected in instances where L did not attack S. We tested this possibility by running a separate LMM and compared the timing of subsequent LMs between the two scenarios.
(iv) Does redirected aggression prevent aggression by an uninvolved individual?
As mentioned above, size-reversed aggression occurs commonly when the difference in body size between the two individuals is less than 5 mm [15] . Therefore, we used data from 18 observation sessions in which the body size difference between M and S was less than 5 mm. We counted the number of bouts of SM (see the electronic supplementary material for a video), following the same procedure used to analyse diversion of L's aggression towards S (see above). We excluded data from one observation session in which redirected aggression did not occur. In the remaining 17 sessions (males: 11 sessions; females: six sessions), many produced zero data (i.e. SM did not occur), so we were unable to implement a GLMM. Instead, we conducted non-parametric Wilcoxon signed-rank tests for comparing proportions of aggression after which SM occurred, and reported the results after separating males and females.
Results (a) Occurrence of redirected aggression
The observed cases of redirected aggression (n ¼ 136) accounted for, on average, 22.16% of the total MS in each observation session. The randomization test suggests that the observed number of cases of MS after LM (n ¼ 255) was less than the range of the null distribution generated under an assumption of random occurrence of aggression ( figure 1a ). This indicates that the occurrence of MS after LM was less frequent than the random occurrence of aggression. However, the observed temporal distribution of MS was different from that of randomized data (survival analysis; p , 0.0001 in all simulations), with MS occurring earlier than predicted by the null distribution (figure 1b). The difference in cumulative distribution between the observed and simulated data showed a blunt peak at around 5-10 s (figure 1b).
(b) Does redirected aggression divert aggression by the original aggressor to the uninvolved individual?
The effect of redirected aggression on the probability of LS varied according to the aggression type. We found a significant two-way interaction between the occurrence of redirected (c) Does redirected aggression delay the timing of further aggression by the original aggressor?
The occurrence of redirected aggression did not affect the timing of further aggression by the original aggressor ( figure 3; b 
This result should be treated with caution because the single instance of SM after redirected aggression seems to have caused the results to be non-significant (figure 4). Indeed, close investigation suggested that the predicted effect was found only in females. Among females, SM was never observed when redirected aggression occurred, but SM was observed in all six sessions when M did not perform redirected aggression (Wilcoxon signed-rank test; V ¼ 21, n ¼ 6, p ¼ 0.031). By contrast, among males, SM after redirected aggression was observed in 1 of 11 sessions, while SM occurred when M did 
Discussion
To our knowledge, this is the first quantitative study of redirected aggression in fishes. We confirmed the occurrence of redirected aggression, but its detection was not straightforward and our observations differed from those of other taxa published in previous studies [9] . The results of our randomization test suggest that the observed frequency of MS after LM was less than the value predicted if aggression occurred randomly ( figure 1a) . At first glance, this result appears to suggest that redirected aggression is not in the behavioural repertoire of this species, since previous studies on redirected aggression have shown it to increase in frequency after an initial aggression when compared to control conditions ( [9] ; cf. [14] ). However, the lack of an increase of aggression by M is understandable given that aggression in social fishes is known to be suppressed by the presence of a dominant individual (e.g. [20] ). An experimental setting in which three individuals interacted in a limited space might have reinforced this behavioural suppression. An alternative possibility is that M was damaged or exhausted after being the object of aggression and thus its physical condition might not have allowed it to attack S. This idea is unlikely, however, because as the temporal distribution of the observed data showed, M was able to attack S immediately after LM (figure 1b). The observed timing of MS was earlier than that of the data generated by randomization procedures (figure 1b), which suggests that M tactically decided the timing for performing redirected aggression.
Testing three potential functions of redirected aggression for conflict management, we found evidence to support two of them. First, redirected aggression functioned to divert the original aggressor's attention to a third party when the original aggression was brief (figure 2). This effect was not found when the original aggression was continuous. The reason for this difference is unknown, but continuous aggression with persistent chasing might represent different behavioural tactics than brief aggression. This experiment was conducted in a limited space in which subordinates were unable to avoid aggressors. During continuous bouts of LM, in which L's attention was fixed on M, it might have been more difficult for M to shift the focus of L's aggression to a third party. A possible function of diverting L's attention is to avoid or prevent being re-attacked by L; however, this effect is unlikely because redirected aggression did not delay the timing of subsequent aggression by L ( figure 3) . Rather, it is feasible that diverting L's aggression towards S will pre-emptively suppress S's attempts to attack M ( figure 4; see below) .
The second function of redirected aggression was preventing the occurrence of SM (figure 4). We analysed data only from groupings in which the size difference between M and S was small (5 mm or less) because size-reversed aggression in this species is quite rare when the difference in body size is large [15] . Our analysis suggested that, among females, SM was more likely to occur when M did not perform redirected aggression than when M did. This result was not found among males, where SM after LM rarely occurred irrespective of the occurrence of redirected aggression. This sex difference may reflect severe intrasexual conflict among females relative to males, which could be related to their unique social system (see Introduction and [15] ). SM would occur immediately after LM if S takes advantage of the opportunity to attack M, either to assess the strength of a dominant individual or seeking a chance for dominance reversal. Challenging M immediately after LM might increase S's chances of success, as M would be less able to cope with further aggression when already fatigued. From M's perspective, then, redirected aggression could be a pre-emptive behavioural tactic to prevent such an attempt by S via the following two behavioural mechanisms. First, M may be able to weaken S by transferring L's attention and aggression towards S. S can be temporally damaged by receiving aggression from two individuals (M and L) successively, when M succeeds in diverting L's aggression. Second, M could signal its own superiority to S by redirected aggression. Such signalling may also communicate to other subordinate individuals uninvolved in the original aggression (i.e. the audience effect [21] ), although our experiments, with three individuals, were not designed to test this idea. Nevertheless, it is important to note that one bout of aggression (e.g. initial LM) has marked effects on social interactions including an uninvolved individual because a series of social interactions can function to either stabilize (redirected aggression by M against S) or destabilize (aggression by S against M) their size-based dominance hierarchy.
These two effects suggest that, at least in females, a primary function of redirected aggression is to maintain the dominance of the actor against a subordinate of adjacent rank. In other words, redirected aggression by M could reduce the negative consequences of aggression by L, indicating that it functions as a conflict management tactic. Contrary to our expectation, redirected aggression did not delay the timing of further aggression by L ( figure 3 ). This suggests that redirected aggression is a behavioural tactic that is primarily directed at S (i.e. a risk of future aggression), rather than at L (i.e. the original aggression). By doing so, M might prevent an attack by S and maintain its dominant position over S. Still, we believe that redirected aggression may serve other functions that have not been revealed by this study. In support of this idea, redirected aggression was observed in experimental sessions in which S was much smaller than M (greater than 5 mm difference in size), such that size difference between S and M had no effect on the frequency of redirected aggression. This suggests that the degree of social threat presented by S is not the sole factor determining whether M performs redirected aggression. Even if the social threat is not very intense, redirection may be beneficial for the actor if it can reinforce a status quo dominance relationship with its subordinate.
Note also that this study was not designed to examine proximate factors of redirected aggression. In primates, analyses of behavioural indicators of stress (such as selfdirected behaviour) showed that redirected aggression reduced the stress level of the actor [9, 10] . In the case of fishes, it is difficult to measure the stress level solely from observation. Hormone analyses are necessary to test this stress-reduction hypothesis [14] .
In summary, this study provides, to our knowledge, the first experimental data demonstrating the occurrence and function of redirected aggression in social fishes. Various conflict management strategies have been reported in social fishes (e.g. [7, 8, 22] ), but redirected aggression has largely been overlooked. Anecdotal reports indicate that several species of social fishes other than J. regani may perform redirected aggression (see Introduction). We predict that redirected aggression occurs, and plays an important role, in conflict management in other species of social fishes characterized by repeated interactions among individuals, and which engage in dominance competitions between individuals of adjacent rank. An important direction for further study would be to conduct similar observations in groups with stable membership, as this experiment was conducted among unfamiliar individuals (but see Methods for information on this species in the wild). Within these stable groups, it would be interesting to investigate whether fishes use redirected aggression as a more complex social manoeuvre, as has been observed in other taxa (kinoriented revenge system in mammals: [13, 23, 24] ). Fishes have been shown to exhibit sophisticated cognition and behaviour (reviewed in [6, 25, 26] ) that are comparable to other taxa. An investigation of redirected aggression will help to clarify the existence of socially complex behaviour in fishes.
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